cooling, or development of chemical domains as a result of chemical or physical processes, such as partial melting and/or deformation Whitney, 2012a, 2012b; Guevara and Caddick, 2016) . The presence of chemical potential gradients has also been implicated in the formation of symplectite (e.g., White et al., 2008; Baldwin et al., 2015) . Furthermore, an interesting aspect that must also be considered in understanding driving forces in development of these reaction textures is the presence of phases such as anorthite in relatively Ca-poor rocks, providing information about the mechanisms and lengthscale of transport of elements during texture formation Whitney, 2012a, 2012b) .
In the Simin area of Hamedan Province in the Sanandaj-Sirjan Zone of Iran (Figure 2a ), spinel + plagioclase ± cordierite symplectite has partially replaced andalusite in migmatitic metapelitic rocks. These textures were initially interpreted as a result of decompression from 4 to 2 kbar (Baharifar, 2004) , and were subsequently proposed as a product of partial melting (Saki, 2011; . Using multiple equilibria (THERMOCALC program version 3.2, Holland and Powell, 1998) , P-T conditions at the peak of metamorphism and during formation of symplectite were estimated at 750 °C and 4 kbar or 750 °C and 2 kbar (Saki, 2011) . In this paper, we use effective bulk compositions (EBCs) to model the reaction history and conditions of symplectite development, and compare these results to other Al 2 SiO 5 replacement textures to discuss the relative roles of composition and P-T conditions and path on symplectite development.
Geological background
The Sanandaj-Sirjan Zone (SaSZ) in western Iran is a 1500-km-long orogenic belt located between the Zagros fold and thrust belt in the south and the Urumieh-Dokhtar magmatic belt in the north (Figure 2a ). It is considered part of the Tethyan orogenic belt (Mohajjel et al., 2003) and interpreted to have formed by Neo-Tethys initiation and closure events between Arabia and Central Iran during the Mesozoic (Berberian and King, 1981; Alavi, 1994; Mohajjel et al., 2003; Baharifar et al., 2004; Fergusson et al., 2016) .
The Hamedan area, in the northern part of the SaSZ, contains both contact and dynamothermal metamorphic rocks in the vicinity of the Alvand granitic batholith ( Figure  2b ). Metapelite dominates the region, and meter-scale metabasite and calc-silicate intercalations occur within the metapelitic rocks. Fergusson et al. (2016) reported upper-Triassic to lower-Jurassic ages for the protoliths and middle-Jurassic for regional metamorphism.
Southeast of Hamedan and in the eastern part of the Alvand granitoid complex, slate, phyllite, and schist containing a sequence of index minerals (garnet, andalusite-garnet, fibrolitic sillimanite-stauroliteandalusite, staurolite, and sillimanite) represent different petrographic facies of dynamothermal metamorphism. Closer to the pluton, contact metamorphic rocks consist of spotted-schist and hornfels comprising the sequence cordierite, andalusite-cordierite, garnet-andalusitefibrolitic sillimanite, sillimanite, and sillimanite-potassium feldspar. Migmatite is mainly located between the Alvand granitoid in the west and hornfels in the east (Figure 2c ). Near hornfels, migmatite is metatexite, whereas near the Alvand batholith it is diatexite (nomenclature of Sawyer, 2008) . Leucosomes are potassium feldspar-or plagioclaserich. All of the mentioned rocks contain Al 2 SiO 5 -bearing quartz veins (Sepahi et al., 2004) .
The Alvand batholith mainly consists of granodiorite and alkali granite (Shahbazi et al., 2010; Aliani et al., 2012) . Field relations and results of U/Pb dating of zircon indicate that emplacement occurred in several stages (Shahbazi et al., 2010; Mahmoudi et al., 2011) : the earliest phase was gabbro (166 ± 1.8 Ma) and the main part of the batholith (granite and granodiorite) was emplaced in later stages (163.9 ± 0.9 to 161.7 ± 0.6 Ma). The last stage of magmatic Figure 1 . Examples of estimated P-T-t paths for spinel-bearing symplectitic rocks. 1-Himalayan-Tibet Orogen (Weinberg, 2016) ; 2-Bushveld Complex, South Africa (Johnson et al., 2004) ; 3-Ongole domain of the Eastern Ghats Belt, India (Sarkar and Schenk, 2014) ; 4-Paderu, Southern India (Lal et al., 1987) ; 5-Central Limpopo Mobile Belt, Zimbabwe (Droop, 1989) ; 6-Eastern Himalayan Syntaxis (Tian et al., 2016) ; 7-Okanogan dome (Kruckenberg and Whitney, 2011). activity, in the form of small stocks of leuco-granitoid, was injected inside the original mass at 154.4 ± 1.3 to 153.3 ± 2.7 Ma. Several small stocks and dykes of garnetbearing granite and pegmatite or aplite dykes, around or inside migmatite and hornfels or older granite, have been interpreted as the final stage of magmatism in the area (Baharifar, 2004) . Radiometric ages for garnet-bearing granite (Figure 2c ) do not provide an unambiguous result but could be middle Jurassic (?).
Materials and methods
Bulk rock compositions of selected samples were determined using a Philips PW 1480 X-ray fluorescence spectrometer at Kansaran Binaloud Co., Tehran, Iran. Chemical compositions of minerals were obtained using a JEOL W-EPMA JXA8900-R electron microprobe in the Institute of Earth Sciences, Academia Sinica, Taiwan, at an acceleration voltage of 15 kV, a current of 15 nA, and a beam size of 2 nm. Additional reconnaissance analyses of symplectite to confirm the finest grained phases were carried out using a JEOL JXA-8900 microprobe in the Department of Earth Sciences at the University of Minnesota. All mineral abbreviations used in text, figures, and tables are from Whitney and Evans (2010) . When necessary, modal composition was calculated using image processing software (ImageJ, 1.5i) on compiled images from thin sections and integrated with petrographic observations.
Field and petrographic features of the Simin area

Hornfels
In the Simin area, contact metamorphic rocks (spotted schist) have faulted contacts with dynamothermal rocks (staurolite schist) and there is no evidence for overprinting of contact metamorphism on regionally metamorphosed rocks. Sequences of index minerals and textural changes in the contact metamorphic rocks, before the appearance of melt, are given in Figure 2c and presented below.
Cordierite hornfels (samples Si-48, Si-50)
Cordierite hornfels (samples Si-48, Si-50) with granoto porphyro-granoblastic texture consists of large crystals of cordierite as porphyroblasts ( Figure 3a) with biotite, plagioclase, and quartz as the main minerals and muscovite, ilmenite, and graphite as accessory minerals. Cordierite is rimmed by biotite + fibrolite + garnet ( Figure  3b) ; garnet is not present in the matrix. Garnet rimming cordierite is almandine-rich and essentially unzoned (X alm = 0.73 in the core, 0.74 in the rim; Table 1 ). Cordierite X Mg = 0.48 to 049 throughout this zone. Biotite X Mg (Table  2) varies from 0.33 (sample Si-48) to 0.52 (sample Si-50) in the matrix. Feldspars are dominant in the matrix and consist of plagioclase, which ranges from albite to oligoclase (X ab = 0.95-0.82), and orthoclase (X or = 0.90). Estimated temperature and pressure from garnet-biotite thermometry and the GASP barometer are ~550 °C and 2.5 kbar (Baharifar, 2004) .
Andalusite-sillimanite-garnet hornfels (samples Si-53, Si-61)
In andalusite-cordierite hornfels (samples Si-53, Si-61), andalusite appears as large porphyroblasts (Figures 3c and  3d ). Cordierite has been completely replaced by fibrolitic sillimanite + garnet + biotite (X Mg = 0.42 in sample Si-53 and 0.52 in sample Si-61) ( Figure 3c ; Table 2 ). Garnet is almandine-rich and slightly zoned: X alm increases from 0.75 in the core to 0.78 at the rim (Table 1) . Other minerals in the matrix are K-feldspar (X or = 0.79), albiterich plagioclase (X ab = 0.87) (Table 3) , and ilmenite. Closer to the migmatite unit, garnet (X alm = 0.73 in the core, 0.76 at the rim; Table 1 ) and biotite (X Mg = 0.52; as large crystals (Figure 3d ; sample Si-61). Andalusite is present in all samples observed, and in some samples the porphyroblasts are surrounded by fibrolitic sillimanite. Near migmatite (sample Si-61), plagioclase composition in different grains varies from albite (X ab = 0.93) to oligoclase (X ab = 0.76; Table 3 ). Based on geothermobarometric calculations (using garnet-biotite thermometry and the GASP barometer), temperature was estimated at ~590 to 615 °C and pressure from ~3.0 to 3.5 kbar (Baharifar, 2004) .
Migmatite
Migmatite in the Hamedan area is mainly located between the Alvand batholith and the hornfels (Figures 2c and  4a ). Near hornfels, migmatite is metatexite; melt fraction gradually increases towards the granite and migmatite changes to diatexites. The metatexite -diatexite boundary is gradual (dashed line in Figure 2c ).
Metatexite (sample Si-65)
The first evidence of melting, represented by K-feldsparrich leucosome, appears as millimetric to centimetric scale patches with dilatant and net structures and poorly developed neosome or melanosome (Figure 4b ). With increasing syn-anatectic strain, stromatic structures developed. In leucosome, orthoclase is the dominant mineral (Figure 4c ). Plagioclase and quartz also occur, in some cases in association with biotite, cordierite, and sillimanite. The melanosome is biotite-rich, with garnet, sillimanite, and fibrolite as the main minerals, and ilmenite, cordierite, plagioclase, and K-feldspar as minor minerals and orthoamphibole (based on SEM) as a rare mineral (sample Si-65). Euhedral staurolite, kyanite, and muscovite are secondary minerals. Symplectite typically occurs in the mesosome and rarely in the melanosome, in corona structures around andalusite ( Figure 4d ), with andalusite in the core, spinel + cordierite ± plagioclase and orthoamphibole in the mantle, and cordierite + plagioclase at the rim.
Diatexite (sample Si-72)
Neosome and melanosome are well developed in diatexite ( Figure 4e ). Leucosome is feldspar-and quartz-rich, with abundant plagioclase (Figure 4f ) and minor K-feldspar, rare biotite, garnet, cordierite, and also secondary muscovite and tourmaline. Melanosome has the same mineralogy as in metatexite. In diatexite migmatite, andalusite occurs as a relict phase, either partially pseudomorphed by sillimanite or with no replacement, or, in other cases, completely pseudomorphed by sillimanite and rimmed by secondary muscovite + staurolite (Figure 4g ) or garnet + rare staurolite (Figure 4h ) ± kyanite. Spinel + plagioclase symplectite occurs in the mesosome and is very rare in the neosome.
Petrography and mineral chemistry
Biotite is common in metatexite and diatexite, and although it is more commonly concentrated in melanosome, leucosome also contains rare biotite. In melanosome, biotite is in association with fibrolite and garnet, with evidence of replacement by fibrolite (Figure 5a ). X Mg of biotite in metatexite is commonly slightly higher in leucosome (X Mg = 0.45) than in melanosome (X Mg = 0.41; Table 4; Figure 6 ). Biotite in corona textures around andalusite has the lowest X Mg (0.40). In diatexite, X Mg of biotite in corona textures (0.39) is lower than biotite in the melanosome matrix (0.44) and both are lower than leucosome biotite (X Mg = 0.46). Some biotite in the leucosome of diatexite forms rims on garnet ( Figure 5b ) with X Mg = 0.37, the lowest of any biotite in the migmatite. In general, biotite in similar textural positions in metatexites and diatexites has similar X Mg ( Figure 6 ). Garnet has different textural positions, but all are almandine-rich. In migmatite, garnet occurs with fibrolite in a reaction texture around cordierite, similar to the texture that occurs in hornfels (e.g., Figure 3b ). This group of garnet, which in some cases has completely replaced cordierite, is inclusion-free or contains ilmenite and ( Figure 5a ) and sillimanite inclusions, participated in symplectite formation, and, especially at the rims of andalusite, in some cases occurs as relics in symplectite texture ( Figure 5c ). These garnet relics have a high almandine component (X alm = 0.83 in the core to 0.88 at the rim). In the matrix of metatexite melanosome, garnet is euhedral, with X alm = 0.74 to 0.76 (Table 5) The most common occurrence of cordierite in metatexite is in association with symplectite in the spinel + plagioclase layer and in the outer moat of the corona structure ( Figure 5f ). X Mg of cordierite is 0.53 in symplectite, and 0.56 in the matrix (Table 6 ). In leucosome, cordierite appears as poikilitic and nonpoikilitic crystals, with X Mg of ~0.55. In diatexite, cordierite is absent in symplectite but occurs in the matrix of melanosome and leucosome. Cordierite in leucosomes has higher X Mg (0.56) than that in melanosome (0.42).
Plagioclase is present in all parts of migmatite. In symplectite in metatexite it is present in association with spinel and cordierite, and in symplectite in diatexite it occurs without cordierite (Figures 7a and 7b ). Plagioclase composition is anorthite-rich in symplectite (Tables 7 and  8 ): in metatexite symplectite, X an ranges from 0.81 to 0.88 ( Figure 7c ; Table 7 ) and in diatexite symplectite it is higher (0.90 to 0.94; Figure 7d ; Table 8 ). A more sodic plagioclase corona around symplectite is present in diatexite (X an = 0.43). Plagioclase in melanosome matrix in metatexite is more calcium-rich (X an = 0.32) than in diatexite (X an = 0.15 to 0.18). In metatexite leucosome, alkali feldspar (X ab = 0.12; X or = 0.88) and plagioclase (X an = 0.33) are present (Table  7) . Leucosome feldspar in diatexite is albite (X ab = 0.96) to orthoclase (X or = 0.88) and oligoclase (X an = 0.26) ( Table 8) .
Spinel only occurs in symplectite around aluminosilicates (andalusite), in association with plagioclase and cordierite (metatexite) (Figure 7a ) or without cordierite (diatexite) (Figure 7b ). In both types of migmatite, spinel is hercynite (Table 9) , but in metatexite, X Mg of spinel in the core of symplectite and near andalusite is higher (0.12) than that of spinel in the rim of symplectite (0.09). In diatexite, spinel X Mg = 0.14.
Ilmenite is present as an accessory phase (1-2 modal %) in melanosomes of all types of migmatite. Ilmenite also occurs in some symplectites, and as inclusions in garnet.
Rare staurolite occurs as a texturally late mineral that crystallized with muscovite and/or kyanite ( Figure 5h ). The most common texture is large euhedral staurolite in melanosome with biotite and sillimanite or kyanite (Figure 5g ). In some samples, andalusite has been replaced by sillimanite and rimmed by staurolite and muscovite. Another generation of staurolite occurs after spinel in symplectite ( Figure 5f ). All staurolite is Fe-rich (X Mg = 0.15; Table 10 ).
Muscovite is a secondary mineral in association with staurolite (in melanosome) or tourmaline (in leucosome). Melanosome muscovite has similar composition in diatexite and metatexite (Table 10) .
Andalusite is present in nearly all migmatite, although in some diatexite it has been completely pseudomorphed by sillimanite. Spinel-bearing symplectite typically occurs in corona structures around andalusite ( Figure  5f ). Sillimanite first appears as fibrolite in association with biotite in melanosome, but in diatexite, prismatic sillimanite is present in the melanosome, in some cases replacing andalusite (Figure 5h ). The latest generation of Al 2 SiO 5 polymorphs is kyanite, which occurs in association with muscovite and/or staurolite (Figure 5h ). 
Symplectite textures and minerals
Symplectite is subdivided into two general groups: 1-In metatexite, symplectite typically consists of spinel + cordierite + plagioclase (± ilmenite, biotite, orthoamphibole, quartz) ( Figure 7a ).
2-In diatexite, symplectite typically consists of spinel + plagioclase (± ilmenite, quartz, orthoamphibole, staurolite, muscovite); cordierite is typically absent from symplectites ( Figure 7b ), but is still present in the matrix.
The first appearance of spinel around andalusite occurs at the beginning of the migmatite zone, in biotiterich rims around andalusite. Garnet is locally present in contact with andalusite and biotite. Andalusite in the biotite-and garnet-poor matrix is not associated with symplectite and is typically partly to completely replaced by sillimanite in diatexite migmatite. Symplectite forms corona textures around andalusite, with a plagioclase or plagioclase + biotite moat, cordierite + spinel in the outer mantle, calcium rich-plagioclase + spinel in the inner mantle, and andalusite in the core (Figures 7a and 7b) . In diatexite, cordierite is absent, plagioclase-rich moats surround symplectite of plagioclase + spinel, and biotite rims are well developed (Figure 7b ). In some symplectite, garnet is present and partially replaced by biotite + fibrolite (Figure 5c ). Secondary muscovite and a new generation of fine-grained staurolite occur after spinel in some samples (Figure 5g ).
Phase equilibria modelling of bulk-rock composition
Although there is abundant evidence for disequilibrium in the Simin migmatite, careful application of phase equilibria modeling can provide insights into P-T conditions, paths, and reaction history. Phase equilibria were modeled in the system Na 2 O-CaO-K 2 O-FeO-MgOMnO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 (MnNCKFMASHT) using the THERIAK-DOMINO software v.03.01.12 (de Capitani and Petrakakis, 2010) with the internally consistent Holland and Powell (1998) (filename: tcdb55c2d). The activity models of Holland and Powell (2003) , as described by Baldwin et al. (2015) , are used for feldspar; those of White et al. (2007) are used for garnet, biotite, spinel, ilmenite, and liquid; and the activity models of Holland and Powell (1998) Because the migmatitic rocks are texturally inhomogeneous and bulk compositions may have been modified by partial melting, interaction with externally derived melt ± fluid, or polyphase histories (e.g., Kruckenberg and Whitney, 2011) , it is important to determine the effective bulk composition to be used for phase diagram modeling. Analysis of nonmigmatitic rocks (hornfels) from the Simin area shows a fairly uniform bulk composition (Table 11 ). Assuming that hornfelses and migmatites have the same protolith, an average composition of hornfelses was used as the representative rock composition for modeling conditions at the peak of metamorphism in migmatites, to avoid possible compositional changes during migmatization.
Most rocks in the contact aureole contain ilmenite and lack magnetite, suggestive of relatively low amounts of Fe 3+ in all rocks (Connolly and Cesare, 1993; Pattison and DeBuhr, 2015) . The water content is taken from the loss on ignition (LOI) during XRF analyses (Sarkar and Schenk, 2014) , although we also explore the effects of variation in the amount of water present during metamorphism. The fluid phase is assumed to be pure H 2 O.
P-T pseudosection of model bulk composition
A P-T pseudosection was calculated for the model bulk rock composition ("Average" in Table 11 ). The intersection of calculated Mg/(Mg+Fe) isopleths with measured values for Simin garnet and cordierite (analysis 72-52 for garnet in Table 5 and analysis 72-48 for cordierite in Table 6 , both from diatexite melanosome) occur at ~745 °C and 4.5 kbar. The calculated X alm (0.78) is slightly higher than measured value (0.76), but the calculated X prp (0.13) is close to the measured value (0.12). Estimated P-T is consistent with the high end of the range of previously estimated P-T conditions for migmatite formation in the area (~720 °C, 4.2 kbar : Baharifar, 2004 ; and 650-750 °C, 2-4 kbar: Saki, 2011; .
A P-XH 2 O section for 745 °C was calculated for the bulk rock composition to evaluate the possible effect of water on the stability of minerals (Figure 8b ). The intersection of the measured Mg/(Mg+Fe) value for garnet -cordierite is not affected by changing H 2 O wt.% from ~1 to 4 wt.%, indicating that the peak mineral assemblage was stable over different values of H 2 O. However, the fact that spinel does not occur in either calculated phase diagram suggests that the whole-rock composition was not the effective bulk composition during the formation of spinel-bearing symplectite.
P-T modeling of spinel + plagioclase + cordierite symplectite petrogenesis
The persistence of reaction textures in metamorphic rocks is a consequence of diffusion driven by chemical potential gradients that are established between the minerals in local domains within the rock (White et al., 2008; Štípská et al., 2010; White and Powell, 2011; Evans et al., 2013) . With any change in P-T conditions, the assemblages in different domains may no longer be in equilibrium, and chemical potential gradients between different minerals are established in some textural positions, driving diffusion (Baldwin et al., 2015) . Therefore, in the development of symplectite textures, the whole-rock composition is not appropriate for modeling the formation of such a domainal microstructure and the EBC must be determined (Evans, 2004; White et al., 2008; Cruciani et al., 2012; Goergen and Whitney, 2012b; Guevara and Caddick, 2016; Tian et al., 2016) .
Since symplectite forms only around andalusite, its formation was likely controlled by a compositional "microdomain" (terminology of Guevara and Caddick, 2016) . To determine the relevant scale of microdomains for use in thermodynamic modeling, Guevara and Caddick (2016) used EDS spectra of major elements for areas typically between 0.25 and 4 mm 2 and used these data to calculate the EBC of the symplectite-forming reaction. However, there can be chemical communication at length scales significantly greater than those of the corona (Goergen and Whitney, 2012a) and coronal networks may record long (>cm) length scales of localized element transport during metamorphism (Goergen and Whitney, 2012b) . Furthermore, the composition of the coronal area may have changed during prograde partial melting by addition or loss of melt.
To calculate a P-T pseudosection for symplectite in the Simin area, we made the following assumptions: Some symplectite contains almost pure anorthite. Garnet is the only other common Ca-bearing phase in these rocks but it is very low in grossular component (X grs < 0.05; Table  5 ), and plagioclase in the matrix is more sodic than plagioclase in symplectite. Ca must have been transported to or otherwise concentrated in the region of andalusite during symplectite formation. This must be taken into account when evaluating the EBC.
At lower temperatures and before symplectite formation, biotite and plagioclase ± garnet grew around andalusite. Therefore, the local assemblage at the time of symplectite formation may have been Grt + Pl (with intermediate matrix composition) + Bt + And (± fibrolitic/ prismatic sillimanite). We used the average compositions of these minerals in sample Si-61 and their modal abundance (Table 12 ) to calculate possible EBCs for thermodynamic modeling.
The present mineral compositions in the symplectite are a product of reactions and do not correspond to the starting mineral compositions.
Based on the above assumptions, we used mineral compositions from andalusite-bearing rocks located in contact with migmatite but lacking symplectite ( Figure  9 ). Modal abundance and the average composition of plagioclase, biotite, and garnet in contact or near andalusite were used to build a model composition for the initial EBC (Table 12 ).
In the calculated phase diagram based on the model composition (Table 12) , the spinel stability field extends and garnet is widespread in all paragenesis (Figure 10a ). This is in accordance with abundant garnet found both in the neosome and mesosome of diatexite and also the presence of garnet in hornfels before the appearance of symplectite. Based on the Mg/(Mg+Fe) of minerals (analyses of 72-9 from Table 5 for garnet, 72-51 from Table  6 for cordierite), the peak paragenesis Grt + Bt + Crd + Spl + Pl + Als +Kfs is stable at ~745 °C and ~4.3 kbar, within the uncertainty of conditions calculated for the bulk (Figure 8a ), and spinel with Mg/(Mg+Fe) = 0.14 is stable (Figure 10a ), close to the measured value in diatexites (Sample Si-72, Figure 7b) . Staurolite commonly appears around Al 2 SiO 5 polymorphs with new muscovite and garnet and new kyanite during the retrograde reaction Crd + Spl + And(Sil) + H 2 O = St (Korikovsky et al., 2009) . In some samples of diatexite, spinel-bearing symplectite is absent and all Al 2 SiO 5 polymorphs are sillimanite (andalusite pseudomorphs) rimmed by staurolite + kyanite + muscovite + garnet. It is possible that in those samples, symplectite was formerly present but has been completely replaced by new minerals.
Small amounts of orthoamphibole occur in symplectite but are not predicted by the pseudosection modeling. Similarly, pseudosection calculation for more orthoamphibole-rich samples in a nearby region also failed to predict stable orthoamphibole. Orthoamphibole only appears in the calculated phase diagram if pyroxene and olivine are excluded from consideration. A review of the literature on pseudosection modeling of orthoamphiboleAl 2 SiO 5 -spinel assemblages (± pyroxene, sapphirine, cordierite) using PERPLE_X, THERMOCALC, and Theriak-Domino shows that calculated phase diagrams and petrographic observations of the occurrence of orthoand clinoamphibole and pyroxene commonly do not correspond, likely as a result of difficulties in the activitycomposition (a-X) formulation, or making incorrect assumptions about phases in calculations (e.g., Goergen and Whitney, 2012b; Diener, 2014; Safonov et al., 2014; Qian et al., 2015; Bial et al., 2016) . Two examples from the literature, however, include phase diagrams that match petrographic observations with respect to orthoamphibole occurrence (Kruckenberg and Whitney, 2011; Dyck et al., 2015) , both of which have Mg-rich bulk compositions relative to Fe (MgO > FeO). We conclude that the absence of orthoamphibole from the calculated phase diagrams is related either to the a-X modeling of amphiboles or effective bulk rock composition in small domains, and that it does not significantly affect the overall results or interpretations of this paper.
To evaluate the effect of varying (increasing) the amount of water, P-XH 2 O sections of EBCs were calculated for 740 °C (Figure 10b ). According to the phase diagram calculated for additional H 2 O, the Mg/(Mg+Fe) intersection of garnet, cordierite, and spinel will decrease to 3.8 kbar at 740 °C with changing H 2 O wt.% from 1.8 to 3.2 (Figure 10b ). The addition of H 2 O increases the modal abundance of spinel and cordierite in symplectite and slightly decreases the abundance of plagioclase (Table  13) . Comparison of the calculated phase diagrams for different H 2 O contents shows that the effect of additional H 2 O on reaction history could resemble the effect of decompression.
In the Simin area, X an of symplectite plagioclase varies from 0.81 to 0.94 in metatexite to diatexite. Plagioclase in the moat around symplectite and in melanosome is significantly more sodic: X an is between 0.15 and 0.43. Similarly, leucosome plagioclase is more sodic than symplectite plagioclase: X an varies from 0.26 to 0.33 (Tables 7 and 8 ). Compared to plagioclase in symplectitefree hornfels (X an = 0.12-0.23; Table 3 ), plagioclase in migmatite is overall more anorthite-rich. According to the phase diagram modeling, variation in H 2 O content also influences the composition of plagioclase (Figure 10 ). In the bulk rock composition, X an increases from 0.2 with 1.73 wt.% H 2 O to 0.57 with 5 wt.% H 2 O (Figure 10a) , and in the EBC model, X an increases from 0.27 with 1.39 wt.% H 2 O to 0.46 with 5 wt.% H 2 O (Figure 10b ). This means that increasing the amount of H 2 O, the composition of changes especially increases X an of plagioclase at the estimated P-T condition for the Simin symplectite, but predicts lower values than those measured (Table 13) .
Comparing calculated volume % of plagioclase at different water contents (Table 13) shows that increasing H 2 O will decrease the plagioclase modal % compared with observed modes of plagioclase in symplectite (Table  13) . Whereas the modal % of plagioclase in symplectite is 27%-45%, calculated values are much lower (10%-15% for the EBC; Table 13 ). Therefore, both calculated X an ( Figures  10a and 10b ) and vol.% of plagioclase (Table 13 ) are very different from natural symplectite of the Simin area.
Discussion
Modeling of average bulk rock composition vs. EBC
Spinel-bearing symplectite around andalusite in the Simin area formed in both metatexite and diatexite migmatite. Calculated pseudosections using the bulk rock composition (Figure 8) show that the phase relations of spinel-bearing symplectite cannot be modeled by this chemical composition, so it is necessary to evaluate an effective bulk composition for modeling of reactions and P-T conditions. In thermodynamic modeling of metamorphism (i.e. calculation of pseudosections), it is important to consider the relevant bulk-composition and to evaluate possible changes during metamorphism (Walsh et al., 2015; Guevara and Caddick, 2016) . Choosing the appropriate bulk composition can be difficult, particularly in highgrade rocks in which, for example, it is possible that fluid/ melt loss or diffusion occurred after peak metamorphic reactions, and therefore the calculated EBC is not the same as the original reaction-forming composition. For building a model EBC, it is necessary to choose the appropriate part (chemical domain) of a rock. For the Simin area, because of possible melt loss and/or addition in migmatitic rocks, we calculated the EBC from nonmigmatitic rocks, using modal amounts of minerals and their measured chemical composition.
Using the EBC model, calculated P-T conditions for formation of the symplectite mineral assemblage are the same as calculated peak P-T conditions for the bulk rock composition (~740 °C at 4.3 kbar; Figure 9 ). This, combined with petrographic evidence, indicates that andalusite persisted metastably into the sillimanite + melt field in some migmatite, consistent with the idea that symplectite may develop owing to relatively rapid reaction rates (Pitra and De Waal, 2001 ). On the other hand, some Al 2 SiO 5 -bearing migmatite does not contain symplectite. In these rocks, andalusite has been completely replaced by sillimanite along the prograde path. During retrograde metamorphism, Al 2 SiO 5 was replaced by staurolite + muscovite ± kyanite. Symplectitic andalusite-bearing rocks in many cases are far (about 1 km) from granitoids. Near the contact with granitoids, andalusite is replaced by sillimanite with garnet, staurolite, and/or muscovite rims, so it is possible that duration of heating is important for preservation of metastable andalusite and related symplectite. 6.2. Ca-rich plagioclase in symplectite Ca-rich plagioclase in symplectite and moats of plagioclase surrounding symplectite are common (Johnson et al., 2004; Štípská et al., 2010; Tajmanová et al., 2011; White and Powell, 2011; Goergen and Whitney, 2012a; Tian et al., 2016) . The presence of Ca-rich plagioclase has been interpreted as indicating the involvement of the grossular component in garnet in reactions (Štípská et al., 2010; Goergen and Whitney, 2012a) , chemical mass transfer from the matrix (Tajmanová et al., 2011) , or grain-scale pressure variations between Al 2 SiO 5 and the matrix (Tajmanová et al., 2014) .
Metasedimentary rocks of the Hamedan area are compositionally layered (metapelite, metapsammite). Partial melting, as recorded by the presence of leucosome, occurred more extensively in the metapsammitic layers as compared to the metapelitic layers (Baharifar, 2004) . At least some partial melting occurred with syn-symplectite formation. As plagioclase in symplectite increases with increasing melt fraction in migmatite across the field area, it is possible that some metapelitic rocks were affected by melt infiltration (e.g., from metapsammitic layers). As a result, as plagioclase vol.% in migmatite increased, Carich plagioclase crystallized owing to the development of chemical potential gradients (White et al., 2008; White and Powell, 2011) . Thus, another possibility to explain the occurrence of Ca-rich plagioclase, including nearend-member anorthite, particularly in cases such as the Simin locality, which lacks Ca-rich garnet or other Carich phases, is the addition of melt from adjacent partially molten rocks.
Implications for P-T path and tectonic evolution
Calculated pseudosections for different amounts of H 2 O for the Simin rocks show that the estimated P and T do not change with changing water content for the model (average bulk-rock) composition, but in the EBC model, increasing H 2 O decreases the stability field of symplectite phases to lower pressure at constant temperature. Therefore, as water is added to the system, conventional geothermobarometric methods will predict lower pressures for symplectite compared to the estimated P-T conditions from other parts of the rock, possibly leading to the conclusion that symplectite formed during decompression. Since symplectite is widespread in highgrade metamorphic rocks in which melt was present, or formed during the retrograde path of metamorphism, external H 2 O could have been introduced to the system, affecting the paragenesis. It is therefore possible to calculate a clockwise P-T path, even in cases in which the P-T path was anticlockwise (i.e. lacking significant decompression following the metamorphic peak).
Based on field and petrographic observations, in combination with pseudosections from average bulk rock composition and a model EBC, the P-T history of the Simin metamorphic rocks (Figure 11 ) is interpreted as being characterized by an isobaric increase in temperature from the contact metamorphism P-T condition (Sepahi et al., 2004) , up to peak conditions of ~740 °C at 4.3 kbar (Figure 11 ). Because staurolite, muscovite, and kyanite grew during a later paragenesis, the early increase in temperature was likely followed by nearly isobaric cooling (Figure 11 ), resulting in a counterclockwise P-T path (e.g., Sepahi et al., 2004) . Decreasing temperature along a more or less isobaric path will produce staurolite + muscovite + kyanite, after peak metamorphism.
Symplectite started to form before partial melting initiated and continued during further migmatization. Some symplectites were then possibly replaced by sillimanite ± garnet during an isobaric retrograde path, along with formation of staurolite and muscovite. Kyanite Figure 11. Pressure-temperature path for Simin migmatites (dark line). And-Sil and Sil-Ky equilibria from Holdaway (1971) . Staurolite, muscovite, and melt-in equilibria calculated for average bulk rock composition in Figure 8a . Gray box 'contact metamorphism' and dashed gray path (Sep) is the P-T path of contact metamorphism, both proposed by Sepahi et al. (2004) . BRC and EBC are peak metamorphic conditions for bulk-rock and EBC, respectively (Figures 8 and 9 ). postdated andalusite and sillimanite polymorphs and appeared with staurolite and muscovite, indicating an anticlockwise P-T path, the same as for regional metamorphic rocks (Sepahi et al., 2004) . The Hamedan area of the Sanandaj-Sirjan Zone is a part of the Zagros Orogen, which formed during closure of the Neo-Tethyan Ocean and its final collision in the late Eocene to early Miocene (Mohajjel et al., 2003; Fergusson et al., 2016) . Late Paleozoic rifting, forming the NeoTethys Ocean, was followed by Mesozoic convergence. Oceanic subduction possibly started in late Triassic to early Jurassic time (Fergusson et al., 2016; Hassanzadeh and Wernicke, 2016) . During the middle Jurassic, most of the plutonic rocks (such as the Alvand granite) were emplaced in the Sanandaj-Sirjan Zone (Shahbazi et al., 2010; Mahmoudi et al., 2011; Aliani et al., 2012) , accompanied by metamorphism. The first episode of metamorphism in Hamedan and adjacent areas occurred either before granitic magmatism, at ~180 Ma (Shakerardakani et al., 2015) , or as syn-magmatic metamorphism at ~168-175 Ma (Fergusson et al., 2016) .
Migmatite of the Simin area of the Hamedan metamorphic sequence is mainly located in the eastern part of Alvand, close to (i.e. within 5 km of) the granitoid intrusion. Their formation could be linked to that of the intrusion during the main plutonic phases in the middle Jurassic under high-temperature -low-pressure metamorphic conditions (cordierite, andalusite). This type of metamorphism, which is temporally and spatially related to intrusive complexes, commonly exhibits an anticlockwise P-T path (Sandiford et al., 1991) . The metamorphic path recorded by the Simin rocks likely developed during middle Jurassic subduction, in the contact aureole of intrusive rocks.
Conclusions
This study investigated the controlling factors in the formation of spinel-bearing symplectites that surround andalusite, a common reaction texture in high-grade Alrich metamorphic rocks. In the Simin area (Hamedan, Iran), peak conditions were ~740 °C at 4.3 kbar, and symplectite formed along an anticlockwise P-T path. There is no evidence of decompression during symplectite formation; instead, pseudosection analysis shows that the addition of H 2 O decreases the pressure stability field of the symplectite assemblage, indicating that variation in H 2 O content of the system could mimic the effect of decompression on the reaction history. In the absence of Ca-rich phases as reactants, anorthite-rich plagioclase in symplectites may have formed as a result of melt infiltration, contributing to the development of a chemical potential gradient around andalusite. Partial melting may have been driven by intrusion of the nearby Alvand granite, which also drove early high-temperature -lowpressure metamorphism.
